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Artificial superlattices consisting of ferroelectric BaTiO3 ~BTO! and conductive LaNiO3 ~LNO!
sublayers were epitaxially grown on Nb-doped SrTiO3(001) single crystal substrates by a dual-gun
rf magnetron sputtering system. A symmetric sublayer structure with the designed thickness varying
in the range from 3 nm to 70 nm was adopted. The formation of superlattice structure was confirmed
from the (00L) Bragg reflection of x ray and the depth profile of secondary ion mass spectrometry.
The in-plane diffraction shows that the BTO and LNO sublayers have the same in-plane lattice
spacing for the superlattices with stacking periodicity below 16 nm. The lattice parameter obtained
from in-plane diffraction also exhibits a partial but nearly constant relaxation of in-plane strain in
the superlattices, even though the sublayer thickness is below the critical value for generation of
misfit dislocations. X-ray reflectivity measurement reveals that all the above superlattices have
about the same interface roughness of BTO/LNO. Consequently, nearly the same extent of dielectric
enhancement results from the strained BTO layer, along with a highly conductive interface zone in
the superlattiecs. © 2004 American Institute of Physics. @DOI: 10.1063/1.1759074#
I. INTRODUCTION
In recent years, ferroelectric thin films have been studied
extensively due to their various electrical or electro-optical
applications.1–3 Strain in ferroelectric thin films plays a sig-
nificant role in influencing their dielectric properties, which
are important for electronic applications,4–6 but strain ma-
nipulation from substrate is limited for thick films. Artificial
superlattice structure, which is defined as two different com-
pounds grown in alternating layers with epitaxial relationship
and nanometer-scale stacking periodicity, provides a new ap-
proach to the strain manipulation of ferroelectric thin films.
Stress is artificially introduced into the heteroepitaxial super-
lattice films due to lattice mismatch at the interface between
heterolayers. Some efforts were devoted to the fabrication of
ferroelectric superlattice for new function or enhanced per-
formance to preexisting materials.7–9 It has been shown that
the superlattice of BaTiO3 /SrTiO3 ~BTO/STO! has a signifi-
cant dielectric enhancement.10–12 For the superlattice materi-
als, composite effect from individual compounds and their
interface usually dominates the material property. However,
in BTO/STO superlattice system, the role of interface was
rarely characterized and the contribution of individual com-
pounds on the dielectric enhancement is ambiguous. In this
study, we fabricated BaTiO3 /LaNiO3 ~BTO/LNO! superlat-
tice, in which the LNO also has a perovskite structure to
provide a well crystallographic compatibility for heteroepi-
taxial growth of BTO, and a smaller lattice to induce a lattice
mismatch strain at the interface between BTO and LNO.13–15
Moreover, LNO is a conductive oxide, and the dielectric en-
hancement will be mainly contributed from the lattice strain
in the BTO layer rather than that in the average lattice of
superlattice film. Thus, it is a good case to demonstrate the
effect of strain manipulation in BTO layer and interface
structural information on the dielectric property of superlat-
tice.
II. EXPERIMENT
The BaTiO3 /LaNiO3 superlattice films were epitaxially
grown on Nb-doped SrTiO3(001) single crystal substrate.
The designed thickness of sublayer varies in the range from
3 nm to 70 nm and the total thickness of the superlattices is
fixed at 140 nm. The schematic diagram of the designed
superlattice structure is shown in Fig. 1. A symmetric sub-
layer structure, i.e., an equal thickness for both BTO and
LNO sublayers, was adopted.
The SrTiO3 substrate was cleaned by supersonic rinsings
with acetone and ethanol, and subsequent heating at 750 °C
for 20 min under 2 Pa O2 atmosphere. Deposition was per-
formed using a rf magnetron sputtering dual-gun system with
computer-controlled shutters. During the deposition, the sub-
strate temperature was kept at 500 °C and the gas pressure of
deposition was fixed at 4 Pa with an Ar/O2 ratio at 4:1. The
deposition was interrupted for 12 s between the growth of
each sublayer. The detailed sputtering conditions are summa-
rized in Table I.
The measurements of (00L) crystal truncation rod
~CTR! intensity profile and x-ray reflectivity measurements
were carried out using a four-circle x-ray diffractometer with
a Cu Ka radiation operated at 50 kV-200 mA. The specular
x-ray reflectivity was measured by a series of u–2u scans. In
order to measure the angles accurately to minimize the error
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of experimental results, the rotational axis of sample circle ~u
circle! was aligned exactly by rocking the samples at a fixed
2u. For each reflectivity curve, the diffuse scattering was
subtracted carefully. The detailed experimental setup for
x-ray reflectivity measurement was described elsewhere.16
As-deposited superlattice structure was also characterized by
measuring the in-plane rocking curves using synchrotron
x-ray source. The synchrotron x-ray scattering experiments
were performed at wiggler beamline BL-17B1 at the Na-
tional Synchrotron Radiation Research Center ~NSRRC!,
Hsinchu, Taiwan. The incident x rays were focused vertically
by a mirror and monochromatized to the energy of 8 keV by
a Si~111! double-crystal monochromator. The sagital bend of
the second crystal focused the x rays in the horizontal direc-
tion. Using two pairs of slits between sample and detector,
typical wave vector resolution in the vertical scattering plane
was set to ;0.0001 nm21 in this experiment. Composition
depth profile was also examined by the secondary ion mass
spectrometry ~SIMS! with oxygen ion source.
For the measurements of electrical properties, Pt top
electrodes were sputtered onto the surface of the superlattice
films at room temperature. The dielectric property of the su-
perlattices was measured at room temperature by HP 4192 A
LF Impedence Analyzer with the frequency at 1 kHz.
III. RESULTS AND DISCUSSION
The SIMS depth profile of a BTO/LNO superlattice is
shown in Fig. 2, where the signals of Ba, Ti, La, and Ni are
consistent with the designed period of 24 cycles of
3 nm–BaTiO3/3 nm–LaNiO3 (B3 /L3) bilayer. The epitaxial
nature between the BTO and LNO layers in the superlattice
is demonstrated by the in-plane orientation with respect to
the major axes of the STO substrate. The azimuthal ~101!
diffraction patterns of the (B6 /L6)12 superlattice film in the
vicinity of main peak are shown in Fig. 3. The four peaks at
90° intervals to each other have nearly the same intensity.
No other peaks are observed in the intervals between the
four peaks, indicating the alignment of the a and c axes
of BTO and LNO unit cells along the STO substrate are
quite perfect, i.e., @100#BTOi@100#LNOi@100#STO and
@00L#BTOi@00L#LNOi@00L#STO .
Figure 4 exhibits the (00L) CTR intensity profiles of
superlattice having different stacking periodicity ranging
from 3 nm to 70 nm. The modulation length of superlattice
gives rise to the occurrence of equidistant satellite peaks in
the reciprocal space. Therefore, a typical characteristic of
superlattice structure, i.e., the appearance of satellite peaks
beside main peak, is confirmed from the ~002! CTR spectra.
The sharp peak at L52 is the ~002! Bragg reflection from
the STO substrate. The wave vector transfer in this measure-
ment has only a perpendicular component, the vertical lattice
parameter c5Ll/2 sin ui , where L is the location of the
Bragg reflection expressed in reciprocal lattice units ~r.l.u.!
and u i the measured Bragg angle; here the spacing of the
~002! planes is probed. The position of the main peak in the
~002! CTR spectra is determined by the average c-axis length
of the superlattice.12 The main peak position of superlattice
FIG. 1. Schematic structure of the BaTiO3 /LaNiO3 superlattice.
TABLE I. rf magnetron sputtering conditions for prepared superlattices and
top electrode.
Material BaTiO3 LaNiO3 Pt
Substrate T (°C) 500 500 25
Background pressure ~Pa! 431025 431025 431023
Working pressure ~Pa! 4 4 2
Sputtering gas (Ar/O2) 4/1 4/1 Ar
Target diameter ~cm! 5.08 5.08 2.54
Target-substrate distance ~cm! 7.0 7.0 5.0
Deposition rate ~nm/min! 1.9 2.0 1.5
FIG. 2. SIMS depth profile of (B3/L3)24 superlattice on Nb-doped SrTiO3 .
FIG. 3. Phi scan of ~101! main peak for (B6 /L6)12 superlattice.
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with stacking periodicity below 16 nm shifts toward a low L
index comparing to the weighted mean of the c-axis length
of bulk BTO and LNO films (L51.968) indicating the elon-
gation of BTO lattice along @00L# by the heteroepitaxial
strain in superlattice, although the c-axis parameter of the
individual sublayers cannot be obtained directly from the
CTR spectra due to the coherent interference from the sub-
layer structure.17 Since satellite peaks appear in the vicinity
of the main peak at an angle interval corresponding to the
superlattice period, the period of superlattice (tBTO1tLNO)
can be calculated from the angle intervals between satellite
peaks following the formula18 below,
L5~ni2n j!l/2~sin u i2sin u j!, ~1!
where L5(tBTO1tLNO), l is the x-ray wavelength used in
the measurement, and u the angular position of satellite peak.
The calculated stacking periodicity is consistent with the de-
signed value.
The critical thickness for the generation of misfit dislo-
cations can be roughly estimated following the equation pro-
posed by Matthews et al.19–22 In the case of BTO/LNO with
a misfit of 3%, the critical thickness is estimated to be more
than 16 nm. The estimated value is quite reasonable compar-
ing to the other researcher’s estimation for the case of BTO/
STO superlattice which has a slightly smaller misfit of 2.5%,
and the critical thickness is about 20 nm.8,23 The ~002! CTR
intensity profile of (B10 /L10)7 superlattice shows two sepa-
rated broad peaks around the Bragg peak of STO substrate
from the BTO and LNO sublayers, respectively, which indi-
cates the presence of a high density of misfit dislocations and
is consistent with the observation by Kim et al. in BTO/STO
superlattice.23 Berger et al.24 have pointed out that the sur-
face of free energy minimum in a strained system is not
atomically smooth, but three dimentional ~3D! in form.
Hence, the presence of strain will force the close-to-
equilibrium surface of the strained epilayer towards a three-
dimentional island growth front. When the critical thickness
(tc) is reached, it is possible that a network of misfit dislo-
cations begins to form, which relieves the misfit and accel-
erates the surface roughening. Beyond the critical thickness,
only three-dimentional islands would grow on the greatly
roughened surface. The atomic force microscopic image ~not
shown here! of (B10 /L10)7 superlattice reveals the quite
roughened surface consisting of 3D islands which is in good
agreement with the result of ~002! CTR intensity profile and
the above argument.
The in-plane rocking curves from superlattices having
different stacking periodicity at the angular position of the
~020! reflections were performed in order to measure the
in-plane lattice parameter.25 As shown in Fig. 5, two Bragg
peaks from the BTO and LNO sublayers in the superlattice
converge to one for stacking periodicity below 16 nm, indi-
cating that the two sublayers have the same in-plane lattice
spacing. The convergent peak locates at the region between
the Bragg peaks of fully relaxed BTO and LNO films or STO
substrate, which corresponds to an increase in the in-plane
lattice parameter with respect to the STO substrate or the
fully relaxed LNO film and a decrease to that of the fully
relaxed BTO film. @K52, K52.009, and K51.949 represent
the positions of ~020! reflection of STO substrate, fully re-
laxed LNO film, and fully relaxed BTO film.# Figure 6
shows the measured out-of-plane ~c axis! and in-plane ~a
axis! lattice parameters of the superlattices having different
stacking periodicity. The c-axis parameter of superlattice
slightly increases with decreasing the stacking periodicity
and the a-axis parameter decreases just opposite to that of
c-axis parameter. However, these values become nearly un-
FIG. 4. The x-ray (00L) crystal truncation rod intensity profiles of super-
lattice film having different stacking periodicity. The arrow represents the
position of superlattice main peak.
FIG. 5. In-plane rocking curves measured from superlattices at the angular
position of the ~020! reflection.
FIG. 6. Lattice parameters of superlattice and BTO layer as a function of
stacking periodicity. The out-of-plane lattice parameter of the superlattice
~l!, BTO layer ~s!, and BTO layer evaluated from Eq. ~2! ~d!; the in-
plane lattice parameter of the superlattice ~j!, and BTO layer ~h!.
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changed for stacking periodicity <16 nm. Although the
c-axis parameter of BTO layer cannot be determined with the
~002! CTR spectra shown in Fig. 4, it is still able to evaluate
the parameter through the elastic relation between the strain
normal to the interface, ezz , and the biaxial strain on the
interface, exx and eyy , in the cubic structure,26
ezz5@2n/~12n!#~exx1eyy!, ~2!
where n is the Poisson ratio. Under conditions of biaxial
strain, which apply for epitaxy on (00L), the nonvanishing
strain components are exx5eyy5(ax2axo)/axo , and ezz
5(az2azo)/azo where ax and az are the lattice parameters
of the strained layer along x and z directions, respectively,
axo and azo those of the free standing atomic plane spacings.
For the growth of sublayers in the superlattice along the z
direction, the layer will be constrained in the plane of the
interface. Since the in-plane lattice parameter ax is deter-
mined from the in-plane ~020! reflection and the out-of-plane
lattice parameter az of BTO layer can be evaluated from Eq.
~2!, with n value determined from (B10 /L10)7 superlattice, in
which we can obtain ezz and exx of the BTO layer from
out-of plane and in-plane diffractions. The evaluated values
of c-axis parameter for the BTO layer in the superlattice with
stacking periodicity below 16 nm are also shown in Fig. 6.
An elongation of the c axis of the BTO lattice by the het-
eroepitaxial strain in the superlattice is clear.
For a coherent BTO-LNO bilayer in a pseudomorphic
BTO-LNO superlattice system, assuming the elastic con-
stants of both layers are identical, the in-plane lattice param-
eter a of the least-strained bilayer in symmetric superlattice
structure can be roughly estimated from the minimization of
the strain energy induced from lattice mismatch.27 Following
the formula proposed by Fuchs et al.,28 the in-plane lattice
parameter a of the least-strained BTO-LNO bilayer can be
estimated,
dBTO /dLNO5~aBTO
bulk /aLNO
bulk !2~aLNO
bulk 2a !/~a2aBTO
bulk !, ~3!
where dBTO , dLNO is the thickness of BTO and LNO sublay-
ers in the superlattice film, and aBTO
bulk
, aLNO
bulk the bulk ~fully
relaxed! lattice constant of BTO and LNO, respectively. The
evaluated in-plane lattice parameter of the least-strained
BTO-LNO bilayer is 0.3944 nm. The measured in-plane lat-
tice parameter of the superlattice with sublayer thickness be-
low tc has a value smaller than 0.3944 nm, while that of
sublayer thickness larger than tc shows a larger in-plane lat-
tice parameter than the evaluated value of the least-strained
BTO-LNO bilayer.
In the case of BTO/LNO superlattice, the dielectric en-
hancement should result from the lattice distortion of BTO
layers rather than that of the average lattice in superlattice.
There are two limits of lattice parameter for the BTO layer in
the superlattice, i.e., fully strained (aBTOi5aSTO) and fully
relaxed (aBTOi5aBTObulk , where aBTOi is the lattice parameter
of BTO layer parallel to the interface and aSTO the lattice
parameter of STO substrate!. It is noticed that the in-plane
lattice parameter of superlattices with sublayer thickness be-
low 10 nm is between the two limits, indicating that the BTO
layer is partially relaxed.
Under the conditions of biaxial strain, which apply for
BTO layer, the in-plane compressive strain component was
defined as (aBTOi2aBTObulk )/aBTObulk , in which aBTOi can be taken
from the measured in-plane lattice parameter of the superlat-
tices. Figure 7 demonstrates the in-plane strain of BTO layer
as a function of stacking periodicity. The BTO layers in su-
perlattice having stacking periodicity <16 nm show nearly
the same biaxial strain ranging from 21.8% to 21.72%. As
an in-plane lattice parameter of a50.3905 nm is required for
the fully strained pseudomorphic layers on STO substrate,
the misfit between the in-plane lattice parameter of the least-
strained BTO-LNO bilayer, which is 0.3944 nm, and that of
STO substrate is about 1%, which allows pseudomorphic
growth just up to several nanometers.19–20 It is obvious that
the pseudomorphic growth of each layer is not progressed in
the superlattice, even though the thickness of individual BTO
and LNO layer is smaller than tc .
Peng et al.29 have reported the real-time observation of
strain relaxation during in situ growth of epitaxial STO thin
film on LaAlO3 with a lattice mismatch of 23% by reflec-
tion high-energy electron diffraction. They proposed that the
strain decreases with increasing film thickness and is com-
pletely relaxed until the film reaches a thickness more than
50 nm, beyond which the lattice parameter becomes that of
bulk STO. In the case of BTO/LNO superlattice, the in-plane
strain in BTO layer with the stacking periodicity of 20 nm is
21.5%, suggesting that the strain is not fully relaxed even
when the sublayer thickness is larger than tc . The in-plane
strain in this case is similar to other researcher’s reports. It is
reported that a large strain can be induced into the BTO layer
on the STO substrate as its thickness is more than 10 nm.30,31
Since the strain in the superlattice having the stacking
periodicity below 20 nm is only partially relaxed, and all the
superlattices have nearly the same extent of interfacial strain
relaxation, misfit dislocations could be formed between the
consecutive BTO and LNO layers. Oxygen vacancies that
are the most common and mobile defects in pervoskite fer-
roelectrics tend to form planar clusters with interfacial misfit
dislocations during film growth.32,33 Accumulation of defects
at BTO/LNO interface could cause the roughening of inter-
face in the superlattice having sublayer thickness below 10
FIG. 7. In-plane compressive strain of BTO layer as a function of stacking
periodicity.
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nm ~or stacking periodicity <20 nm!. Figure 8~a! shows the
x-ray reflectivity curves of the BTO/LNO superlattices hav-
ing different stacking periodicity. In addition to the vertical
periodicity of composition modulation, which gives rise to
the appearance of Kisseig fringes in between Bragg peaks,
the interface roughness can be evaluated from a fitting of the
specular reflectivity,16,34,35 as shown in Fig. 8~b!. It is inter-
esting to notice that the roughness of BTO/LNO interface
remains fixed irrespective of the change of sublayer thick-
ness within 10 nm. The result confirms our previous specu-
lation that a roughening of interface can be induced from the
concentration of defects at the interfacial misfit dislocations
and since all the superlattices have about the same interfacial
strain relaxation for sublayer thickness below 10 nm, a
nearly fixed interface roughness is thus observed.
The low-frequency dielectric property is closely related
to the ionic motion in the crystal, especially the soft phonon
mode, which mainly comes from the displacement of Ti and
O ions in oxygen octahedra in opposite directions. If there is
a strain that causes the softening of lattice for ionic displace-
ment, the dielectric constant should increase largely. In a
parallel capacitor structure, the measured dielectric constant
along the out-of-plane direction has been reported to de-
crease under in-plane tensile stress,36 whereas it increases
under in-plane compressive stress.37,38 Therefore, in the case
of BTO/LNO superlattice, the in-plane compressive strain in
the BTO sublayer that elongates its unit cell along electric
field in the parallel plate capacitor structure enhances the
dielectric constant in a macroscopic point of view. Figure 9
shows the dielectric constant of BTO layer evaluated from
the measured capacitance without taking the influence of in-
terface structure into consideration. It can be seen that the
evaluated dielectric constant shows the same tendency of di-
electric enhancement with decreasing the stacking periodic-
ity as that observed in the BTO/STO superlattice
system.10–12 Moreover, an increasing tan d value in the
shorter period superlattice is also found due to the increase of
di /dBTO ratio,39,40 where di is the thickness of interface.
Since an interfacial zone of nearly fixed thickness is formed
between BTO and LNO, the effective thickness of BTO lay-
ers must exclude the interfacial portion and the dielectric
contribution from the interfacial zone should be also taken
into account, separately. Thus, the capacitance of the super-
lattice can be treated to a series capacitance of the effective
BTO and the interface,41,42 i.e., A/Cmea5A/CB1A/Ci ,
where A is the area of top electrode, Cmea is the measured
capacitance, CB the capacitance of the effective BTO layer,
and Ci that of the interface. The dielectric constant of the
effective BTO layer, e f , can be then obtained from the fol-
lowing equation:
A/NCmea5~dBTO2di!/e f1di /e i , ~4!
where N and e i are the number of BTO sublayers and the
dielectric constant of interface, respectively, and with all the
thickness data obtained from the fitted result of x-ray reflec-
tivity. The plot of A/NCmea versus (dBTO2di) is shown in
Fig. 10. Since a similar lattice distortion of BTO layer is
FIG. 8. ~a! Reflectivity curves of BaTiO3 /LaNiO3 superlattices with their
best fitting results. ~b! Interface roughness obtained from the fits of the
specular x-ray reflectivity data of superlattices as a function of stacking
periodicity.
FIG. 9. Relative dielectric constant and tan d value of the BTO layer mea-
sured at 1 kHz as a function of stacking periodicity. The value was evaluated
without taking the interface structure into consideration.
FIG. 10. The plot of measured capacitance Cmea as a function of the effec-
tive thickness of BTO layer, dBTO2di , in a series capacitance relation of
A/NCmea5(dBTO2di)/e f1di /e i .
588 J. Appl. Phys., Vol. 96, No. 1, 1 July 2004 Liang et al.
Downloaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
found in the superlattices with stacking periodicity below 20
nm, as shown in Fig. 6, which would give nearly the same
extent of dielectric enhancement, therefore, a linear relation
between A/NCmea and (dBTO2di) is obtained. A value of
e f5633 is, thus, derived from the slope of linear plot. The
strained BTO layer shows a significant enhancement of di-
electric constant as compared to that of the 70 nm thick BTO
single layer which is only e f5128. Moreover, the linear plot
has intercepted the horizontal axis near the origin, indicating
that the interfacial zone formed between consecutive BTO
and LNO layers is highly conductive, which is quite possible
since the interfacial zone contains a high concentration of
oxygen vacancies in association with the interfacial misfit
dislocations,33,43 as discussed previously, and, moreover, the
intermixing of BTO and LNO at the interface could also
have an important contribution.
IV. CONCLUSIONS
Epitaxial BTO/LNO superlattices with alternating stack-
ing of BTO and LNO layers were successfully grown on
Nb-doped SrTiO3(001) substrate by a dual-gun rf magnetron
sputtering system. The results of SIMS and (00L) Bragg
reflection of x ray confirm the formation of superlattice
structure. The in-plane diffraction shows that the BTO and
LNO sublayers have the same in-plane lattice spacing for the
superlattice with stacking periodicity below 16 nm. From the
in-plane lattice parameter, the in-plane strain against the
change of superlattice stacking periodicity is evaluated. A
partial but nearly the same relaxation of in-plane strain in the
superlattice film is found for the superlattices with stacking
periodicity <20 nm, even though the sublayer thickness is
below the critical thickness for the generation of misfit dis-
locations. An expansion of the c axis of BTO sublayer is also
found due to the in-plane compressive strain resulted from
the insertion of LNO layers having a smaller lattice. More-
over, the x-ray reflectivity measurement reveals that a nearly
fixed interface roughness of BTO/LNO is induced in the su-
perlattices due to the nearly constant relaxation of in-plane
strain. Taking the interfacial zone into consideration and us-
ing a series-capacitor model for analysis, it is found that the
strained BTO layer in the superlattices with stacking period-
icity <20 nm has a fixed dielectric enhancement, and the
interface is highly conductive.
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